After 5 minutes heat shock at 37 C DrosopMla melanogaster K c -cell nuclear proteins were extracted with O.4M NaCl and compared by SDS gel electrophoresis with extracts from cells grown at 25°C. Two proteins (39 000 and 46 000) were only found in heat shock nuclei. Reconstitution with total Drosophila DNA or a DNA fragment from the heat inducible locus 87A/C covalently coupled to sepharose was performed. In the presence of calf thymus competitor DNA these proteins and also others of lower molecular weight showed preferential binding to the homologous DNA.
INTRODUCTION
The study of mechanisms in eucaryotic gene regulation is greatly facilitated by systems which can be experimentally manipulated. One of the best analysed system is the heat inducible gene activity in Drosophila melanogaster (1, 2) . The shift of the normal growth temperature from 25 C to 37 C results in a few minutes in cytologically visible puffs in the polytene chromosomes of salivary glands. These puffs are loci of active transcription and after 10-15 minutes 9 defined sets of newly synthesized proteins can be detected in the cytoplasm of glands or K c tissue culture cells (for review see:3). For puff induction, RNA but not protein synthesis is necessary. We, therefore, used this system to analyse nuclear and cytoplasmic proteins for any detectable changes which were correlated with the heat induced gene activity in K cells.
It is also possible that certain nuclear proteins change their properties to bind to homologous DNA after heat shock. Very little is known about eucaryotic protein-DNA interactions, and until now mostly complex populations of nuclear non-histone proteins have been studied with complex DNAs (5) (6) (7) (8) (9) (10) . The fractionation of eucaryotic DNA by insertion into a plasmid vector and cloning in E.coli made it possible to assay protein binding to a defined fragment of DNA (12) . With a cloned DNA fragment containing three coding regions for the major 70 000 dalton heat shock protein and flanking sequences from the inducible locus 87A/C (13) as well as with total Drosophila DNA we have studied the binding properties of nuclear proteins before and after heat shock.
MATERIAL AND METHODS
Isolation of DNA. The recombinant plasmid pG3 (13) was grown in E.coli HB101 and purified from the cleared lysate by two subsequent CsCl-Ethidiumbromide equilibrium gradients. Open circular and supercoiled DNA were used in the coupling reaction. Experiments with recombinant DNA were performed in accordance with the NIH guidelines and the German guidelines.
DNA from K cells was isolated by a modified method of Gross-Bellard et al. (14) . Nuclei from 2 liters of cells, prepared as described below, were homogenized in 50 ml of 10 M Tris HC1, pH 8.0, 10 mM NaCl, 10 mM EDTA, 0.5% SDS, and treated with 50yg/ml proteinase K (Merck) for 5 hours at 3 7 C. The aqueous phase was extracted with phenol and chloroform/isoamylalcohol (24:1) and NaCl was added to 0.3M. After addition of 2 volumes of ethanol the DNA was spooled out, dissolved in 20 ml of 50 mM Tris HC1, pH 0.8, 20 mM EDTA, 20 mM NaCl and dialysed extensively against the same buffer. RNase A was added to 50pg/ml and the solution incubated for 2 hours at 37°C. After another extraction with phenol and chloroform the DNA was precipitated with 2 volumes of ethanol at -2O°C.
Coupling of dsDNA to Sepharose 4B. Sepharose 4B (Pharmacia) was activated with CNBr as described by March, Parikh and Cuatrecasas (15) . In a standard procedure 3 ml of activated settled sepharose were slowly stirred over night at room temperature in 3-9 ml 10mM potassium phosphate, pH 8.0, containing 1-10 mg/ml DNA. Unsaturated active groups were inactivated for 5hours in 1 M ammoniumacetate and unbound DNA removed by subsequent washes with 0.1 M ammoniumacetate, 2 M KC1, pH 8.0, and 6 M urea, 50 mM Tris, pH 8.0. The DNA-sepharose was stored over chloroform in 0.4 M NaCl, 10 mM Tris/HCl, pH 7.5, 5 mM EDTA, at 4°C. The amount of coupled DNA was determined by DNase I digestion and measuring the OD 2 6o
of tne released material assuming a hyperchromicity of 33 %. The coupling efficiency with EcoRI linearized pG3 DNA was 13 %, with K DNA 2 6 %. Thus 0.15 mg pG3 DNA or 2.4 mg K DNA could be covalently coupled to 1 ml of Sepharose 4B.
Preparation of nuclear and cytoplasmic proteins. Drosophila melanogaster K tissue culture cells were grown in stirring cultures at a constant temperature of 2 5°C in D20 medium (16) to a density of 5-9x10 cells/ml. Heat shock was performed by immersing the cultures in a 70 C water bath under constant stirring. After 2-3 minutes a temperature of 3 7°C was reached and maintained. Heat shocked cells were harvested after 5 min at 37 C by centrifugation for 5 min at 5000 rpm. Cells were washed once in 100 mM NaCl, 20 mM Tris/HCl, pH 7.5, 3 mM MgCl-, 0.2 mM PMSF (Phenylmethylsulfonylfluoride), taken up in 50 ml of the same buffer and homogenized in the presence of 0.2 % NP40 with 25 strokes. Nuclei were sedimented at 1000g in a HB4 rotor for 10 min and resuspended two more times by homogenization in the same Duffer. The final nuclear pellet from 500 ml of cells was resuspended in 3ml of extraction buffer (0.4 M NaCl, 20 mM Tris/HCl, pH 7.5, 0.5 mM EDTA, 0.2 mM PMSF) and nuclei disrupted by brief sonication (2x15 sec). The suspension was stirred for 30 min at 4°C and nuclear debris and chromatin removed by a centrifugation at 10 000 rpm for 20 min in a HB4 rotor. The supernatant (of heat shocked or normal cells) will be referred to as nuclear 0.4 M NaCl extract. Cytoplasmic proteins were obtained in the supernatant of the cell homo-genates after a 10 OOOg centrifugation for 2 min. Reconstitution of nuclear proteins with DNA-sepharose. DNA-sepharose (pG3 or K DNA) in an equal volume of 0.4 M NaCl in TE (10 mM Tris/HCl, pH 7.5, 1 mM EDTA) was mixed with a threefold excess of nuclear 0.4 M NaCl protein extract in a dialysis bag with or without a 5-fold excess of calf thymus competitor DNA (Sigma, purified as described above). Reconstitution was performed by continuous dialysis to 0.1 M NaCl in TE at 4 C for 24 hours. All buffers contained 0.1 mM PMSF to inhibit protease activity. After reconstitution the DNA sepharose was filled into a column and unbound proteins were washed out with 0.1 M NaCl, 10 mM Tris, pH 7.5, 0.5 mM EDTA. The bound proteins were either eluted with a 30 ml gradient (0.05 -1M NaCl in TE) or 2 M NaCl in TE. Fractions of 1 ml were collected, dialysed against 0.1 mM PMSF and lyophilized.
Characterization and iodination of proteins. Protein concentrations were determined as described by Bradford (17) with bovine serum albumin as standard. Iodination of proteins with 125 Na J, spec.act. 17.4 mCi/vig (Amersham) was performed with chloramin T according to Hunter and Greenwood (18) . Unlabeled or iodinated proteins were applied to 10-16 % acrylamidegradient SDS gels with a 4.5 % stacking gel and electrophoresed in 0.8 mm thick slab gels for 15 hours at 6 mA and then at 12 mA until the bromphenol blue had reached the bottom. Gels were stained with Coomassie blue in methanol/ acetic acid, destained in methanol/acetic acid and dried on Whatman 3MM paper. Autoradiography was done on Kodak X-ray films (Kodirex) at room temperature. Usually 5OO 000 cpm of iodinated proteins were applied per well and exposed for 48 hours. The films were developed for 3 min in Kodak DX-80 developer and fixed in Ilford Hypam.
RESULTS
To investigate possible changes in protein distribution in cellular compartments which are correlated to heat shock in Drosophila melanogaster, K -cell proteins were analysed by SDS acrylamide gel electrophoresis. We chose to compare 0.4 M NaCl nuclear extracts and cytoplasmic supernatants from cells grown at the normal temperature of 25°C with identical preparations from cells after a 5 min heat shock at 37 C. As shown in figure 1 , the cytoplasmic fraction is characterized by a strong protein band of a molecular weight of 42 000, presumably actin (19) and the lack of histones. The complex banding patterns of cytoplasmic and nuclear proteins remained generally unchanged by the heat treatment except for obvious differences in the 40-50 000 dalton range (arrows): whereas the amount of a 46 000 protein was reduced in the cytoplasm after heat shock, a protein of identical molecular weight could be found in the extract 12 3 4 5 3) . Arrows indicate the heat shock specific nuclear proteins with molecular weights 46 000 and 39 000. H1 = Histone H1. Size markers in lane 5 have molecular weights of 165 000, 155 OOO, 68 000, 39 OOO and 21 500.
from heat-shocked nuclei. This protein and another one of 3 9 000 were not present in the nuclear extract from cells grown at 25°C. These changes were highly reproducible and consistently found in several preparations. Treatment of nuclei with 10O mM NaCl, 20 mM Tris/HCl, pH 7.5, 3 mM MgClcontaining 0.66 % of Tween 40 and 0.33 % of sodiumdeoxycholate did not remove the heat shock specific nuclear proteins. This would argue against their loose adsorption to the nuclear membrane.
The 0.4 NaCl nuclear protein extracts were characterized by chromatography on DNA-sepharose. Either ds K DNA or ds pG3 DNA, linearized by EcoRI endonuclease cleavage, were covalently coupled to CNBr activated Sepharose 4B to yield 2.4 mg of the K DNA and 0.15 mg of pG3 DNA per ml of sepharose. For reconstitution experiments 3 ml of DNA-sepharose and the appropriate amount of nuclear protein extract to give a three-fold excess of total protein over coupled DNA were combined in a dialysis bag. After dialysing to a final concentration of 100 mM NaCl the bound proteins (about 46 % of input) were eluted from the K DNA-sepharose by a 30 ml 0.05-1 M NaCl gradient. The bulk of the proteins eluted in a peak around 200 mM NaCl (Fig. 2A) . Figure 2B shows fractions of proteins from different parts of the elution peak as analysed by acrylamide gel electrophoresis. Clearly, a fractionation of nuclear proteins could be achieved based on differential affinity to the homologous K DNA, since histone H1 (arrow) appeared only in the later elution fractions containing high salt concentrations.
Binding of nuclear proteins to homologous DNA at low ionic strength is not a very specific reaction. A comparable fractionation of nuclear proteins could be achieved when phosphocellulose was used (data not shown, see : 7,20) . However, the unspecific binding of proteins to activated Sepharose 4B treated identically as in the coupling reaction but leaving out the DNA ligand could be suppressed completely by addition of a 5-fold excess of ds calf thymus DNA to the reconstitution reaction. No detectable protein could be eluted with 2 M NaCl from such a column after reconstitution material is shown in figure 3 . The 46 OOO and 39 000 proteins typical for the heat shock nuclear extracts could be bound to K DNA along with other protein components,while e.g. histone H1 could be competed out with heterologous DNA.
In addition to the apparent enrichment for the heat shock specific proteins already quite prominent in the total nuclear extract, proteins of lower molecular weight (30 000, 27 500 and 23 000) appeared in the K DNA bound fraction (arrows). Identical results were obtained when heat shock nuclear proteins were reconstituted with pG3-DNA sepharose in the presence of competitor DNA. The enrichment of these specific proteins was probably due to traces of proteases in the calf thymus DNA which could not be inhibited by 0.1 M PMSF (21) . Incubation of the iodinated 0.4M nuclear protein extract with untreated calf thymus DNA resulted in complete degradation of all proteins after 36 hours at 4°C (data not shown). However, reconstitution with pG3-DNA sepharose under identical conditions showed protection from protease of the above-mentioned 23 000 to 30 000 proteins. Two of these proteins were only found in nuclear extracts from heat shocked cells and not from cells grown at 25 C as shown in figure 4 . This experiment demonstrates the presence of additional heat-shock specific nuclear proteins which could be highly enriched for by binding to homologous Drosophila DNA, thus rendering them insensitive to protease digestion.
DISCUSSION
A brief heat shock treatment of Drosophila cells results in the induction of specific gene loci while the majority of normally transcribed genes is shut down."The processes detectable in the nucleus include the induction of the heat shock puffs (1), the accumulation of proteins at the puff sites (22,23), redistribution of RNA polymerase II (24) (25) (26) , onset of RNA transcription from the newly induced puffs (2, 22, 27) as well as changes in RNA processing (4, 28, 29) and the repression of other puffs. These dramatic changes at different levels of regulation may be accompanied by changes in nuclear proteins and the heat-shock specific pro- teins described in this paper may be involved in any of these processes.
Since neither the exact sequence of these various events nor their causal relationship is known, we investigated the early (i.e., 5 min at 37°C') changes in proteins extractable from nuclei of heat shocked versus uninduced K c cells. Our data show the accumulation of two proteins in the 0.4 M NaCl nuclear fraction of heat shocked cells which are not present in nuclear extracts from cells grown at 25°C. In addition, the disappearance of a protein band of identical molecular weight (46 000) from the cytoplasm suggests a migration to the nucleus of this protein very early after heat shock. However, we cannot decide yet whether it moves into the nucleus or whether it is attached to the nuclear membrane. Treatment with Tween 40 and deoxycholate did not remove this protein from the nuclei which would argue against a loose adsorption to the membrane.
A protein of 23 000 daltons has been described to become extractable from polytene nuclei of heat shocked larval salivary glands from Drosophila hydei (30) . This protein may be one of the newly synthesized heat shock proteins (31), since it could be shown in Drosophila melanogaster (32) and Chironomus tentans (33) that heat shock proteins migrate to the nucleus. In our case, the two new nuclear proteins found after 5 min at 37 C cannot be products of the induced puffs, because the synthesis of heat shock proteins in the cytoplasm can only be detected after 10 min and no heat shock proteins in the 40-4 5 000 molecular weight range have been described in Drosophila melanogaster (34) (35) (36) . These two as well as proteins of lower molecular weight (23-30 000) could be enriched for by reconstitution of nuclear heat shock extract with whole K DNA or the cloned pG3 plasmid covalently coupled to Sepharose 4B. It seems that these proteins preferentially bind to homologous DNA and are thus protected from protease digestion.
The function of these proteins only found in the nuclear fraction after heat treatment of the cells remains obscure. Too little is known about proteins in Drosophila which may possibly be involved in the complex events taking place after heat shock,resulting in an altered pattern of gene expression. The HnRNA-bound proteins, HMG proteins and proteins associated with polysomes have not been studied in Drosophila, and although these proteins may have been quite conserved in evolution, it would not justify a comparison with other organisms in this case. The preferential binding of our proteins to homologous DNA seems to argue against conserved proteins.
Recent experiments (37, 38) have shown that isolated poly-tene nuclei do not show the puffing response when incubated without cytoplasm at elevated temperature. However, the heat shock puffs could be induced by incubation in cytosol from heat shocked K cells but not from control cells. These experiments, as do our results, would argue for a cytoplasmic factor involved in the heat shock response To elucidate the function of the heat-shock specific proteins, it will be necessary to localize them in the cytoplasm and nucleus and follow their redistribution after heat shock. Experiments to this end are under way in our laboratory and it is quite interesting to know whether these proteins are related to the ones described by Mayfield et al. (39) which are released from active genes by DNase I digestion and are preferentially located at puffs.
